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ABSTRACT

A single stage investigation of a slotted stator was conducted as
part of an overall program to evaluate the effect of slots on the per-
formance of highly loaded compressor rotor and stator blade rows. A
lightly loaded flow generation rotor was used to provide stator inlet
flow. The stator vanes were 65-series airfoils having a calculated
diffusion factor based on the turning for an unslotted vane of 0.704,
and an inlet Mach number of 0.644 at a radial position 90% of the span
from the vane tip. The measured stator total pressure losses were

considerably higher than the predicted losses at all radial stations.
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SECTION I
SUMMARY
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A single-stage investigation of a slotted stator was conducted as

part of an overall program to evaluate the effect of slots on the per-

formance of highly loaded compressor rotor and stator blade rows. The

single-stage rig had a hub/tip ratio of 0.8 and a tip diameter of

approximately 40 in. The stator vanes were 65-series airfoils having

a calculated D-factor of 0.704 based on the turning for an unslotted

vane and an inlet Mach number of 0,644 at a radial
span from the tip. The vanes had a constant chord
an aspect ratio of 1.663, and solidity of 1.099 at
The vanes were slotted at approximately 55% chord;
from 5 to 95% span in each vane. A lightly loaded

rotor was used to provide stator inlet conditions.

The measured D-factor near the stator root was
cidence., The stator deviation angles exceeded the
for design incidence by 9 deg near the root, 1 deg

and 6 deg near the tip. Measured loss coefficient

station 90% of the
length of 2.18 in.,

the mean radius.

‘the slots extended

flow generation

0.53 at design in-
values predicted
at the mean radius,

values were con-

siderably larger than the predicted values at all radial stations.
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SECTION II
INTRODUCTION

Pratt & Whitney Aircraft is engaged in a program under NASA Contract
NAS3-7603 to investigate the application of slots to axial flow com-
pressor rotors and stators. A systematic investigation was conducted to
establish the feasibility and extent to which slotted blade concepts
can be used to increase allowable blade loadings and the stable opera-
ting range of compressor stages. To accomplish this objective, three
stator vane rows and three rotor blade rows representing a progression
in design diffusion factors were built for test. In the stator tests,

a representative state-of-the-art rotor was used to generate the stator

inlet flow.

The aerodynamic analysis and design of the test blading and asso-
ciated hardware were accomplished under the design phase of the program
(Reference 1). All rotors and stators were designed with the same
rotor exit and stator inlet absolute velocities and air angle distri-
butions to permit testing of any combination of rotor and stator. For
design purposes, it was assumed that the flow deviation angle for
slotted rotors and stators would be approximately half the values normally
used for unslotted blades. As part of the design effort, a series of
annular cascade tests with slotted stators was conducted to establish
preliminary criteria for the design of rotor and stator slots for the
rotating stage test program (Reference 2). The overall and blade
element performance data for previously reported slotted blade rows

are presented in References 3 through 7.

This report presents the data and performance results obtained with
the third slotted stator configuration (Stator 3). Stator 3 blading
was designed with 65-series airfoil sections and had calculated design
hub values of D-factor loading and inlet Mach number (without slots)
of 0.704 and 0.644, respectively. The stator vanes were slotted at
approximately 55% chord and the slots extended from 5% to 95% span in
each vane., A lightly loaded flow generation rotor was used to estab-
lish flow conditions into the test stator.. Inlet guide vanes provided
rotor prewhirl and exit guide vanes were used to turn the flow back

to near-axial.
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Overall performance and blade element data were obtained at 50, 70,
90, 100, and 110% of the design equivalent rotor speed. Blade element
data were obtained at 10, 30, 50, 70, and 90% span locations behind

each of the three blade rows,

Details of the test equipment, procedures, and test results for the
slotted Stator 3 test configuration, as well as pertinent design details,
are presented in this report. Complete aerodynamic and mechanical

design details are included in Reference 1.

I1-2



Pratt & Whitney Rircraft
PWA FR-2288

SECTION III
TEST EQUIPMENT

A. FACILITY

The compressor test facility is shown schematically in figure III-1.
The compressor rotor is powered by a single-stage turbine using exhaust
gases from a J75 slave engine. The turbine speed is regulated by a
hydraulically actuated inlet flow control valve. The slave engine ex-

haust is also used to drive a two-stage exhaust ejector system.

Air entered the compressor test rig through a 103-ft combined inlet
duct, plenum, and bellmouth inlet, and exhausted through an exit diffuser
to the atmosphere. An area contraction ratio from plenum to compressor
inlet of approximately 10:1 provided essentially stagnation conditions
in the plenum. The inlet duct and plenum were mounted on a track and
could be rolled away from the compressor rig inlet to facilitate con-
figuration changes. The plenum was sealed to the compressor rig inlet

section with an inflatable rubber tube seal.
B, COMPRESSOR TEST RIG

The compressor rig, shown in figure III-2, comprises bellmouth inlet,
test section, and exhaust section. The test section has a hub/tip ratio
of 0.8 and a rotor tip diameter of approximately 40 in. The rotor assembly
and shaft are supported on two bearings that transmit loads to the outer
case through struts located in the inlet and exhaust case assemblies,
The test section has a split outer case that permits guide vane, rotor,
and stator assembly changes without removing the rig from the test stand.
A set of motor-driven throttle vanes is located in the exhaust case to

vary flow rate.

A section view of the flow path is shown in figure III-3., Flow is
accelerated through the inlet strut station and guide vanes in a con-
vergent passage to the rotor inlet. Thereafter, the inner wall diameter
remains constant at 32.85 in., whereas the outer wall converges further
through the rotor blade and stator vane rows to a diameter of 40 in.

In general, the flow path is designed to simulate the middle-stage

environment of a state-of-the-art multistage compressor.
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Provisions were made for end-wall bleed at the rotor tip and stator
root and tip, as shown in figure III-4, Bleed air flowed through per-
forated plate shrouds, shroud manifolds, and 24 approximately equally
spaced tubes to individual main collector manifolds for the rotor and
stator. The collector manifolds exhausted through the facilities ejector
system. Rotor and stator bleed flow rates were controlled and measured

separately,
C. STAGE BLADING DESIGN

To expedite this research program, the aerodynamic and mechanical
design of the blading was completed and fabrication initiated prior
to the completion of the annular cascade program. Final slot configura-
tions were based on the results of the cascade tests. The design details
for the inlet guide vane, flow generation rotor, and slotted Stator 3
are given in Reference 1. Pertinent design information is given below

for convenience.
1. Inlet Guide Vane

The inlet guide vanes were designed to provide a rotor prewhirl
distribution of 38.2 deg at the hub (90% span) to 39.8 deg at the tip
(10% span). NACA 63-series blade sections were chosen for this purpose.

Details of the guide vane design are presented in table III-1,
2, Flow Generation Rotor

NACA 65-series blade sections were selected for the flow generation
rotor blading. The blading was designed with a camber distribution of
36.8 deg at the hub (90% span) to 34.5 deg at the tip (10% span) and
with a tip D-factor of 0.379. Details of the rotor design are pre-
sented in table III-1.

3., Stator 3
a., Blade Design

Sloted Stator 3 blading was designed with a constant equivalent
circular arc camber of 58.34 deg and a constant blade-chord angle of
34,1 deg. The stators are 65-series airfoil sections with a design
root (90% span) D-factor of 0.704 (unslotted) and a design inlet Mach
number of 0,644,

I11I-2
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Solidity, thickness ratios, and aspect ratios for the selected series
airfoils were representative of the middle stage of a state-of-the-art
compressor. Additional details of the Stator 3 design are presented in

table III-1.
b. Slot Design

Stator 3 slot geometry and location were based on the results of
preliminary annular cascade tests of slotted stator vanes and an analysis
of Stator 3 suction surface boundary layer separation (References 1

and 2).

The selected slot geometry was similar to a preferred slot geometry
determined in the annular cascade program. Blade thickness at the
intersection of slot centerline and blade meanline was selected as an
approximate scaling parameter to scale the slot size from the oversize
(6.5 in. chord) annular cascade vanes to the 2,18-in. chord Stator 3

vanes.

The slot centerline intersected the blade suction surface at 55%
chord, approximately halfway between the minimum pressure point and the
calculated separation point, This slot location was determined under
the annular cascade tests to be superior to an alternative location
near the separation point. A schematic drawing and pertinent dimensions
of the blade slot are presented in figure III-5. Figure III-6 is a

photograph of a slotted Stator 3 vane.
D. INSTRUMENTATION

Instrumentation was provided for overall and blade element performance
measurements for each blade row. Axial locations of instrumentation
stations are indicated in figure II1I-3, and schematics showing the de-
tailed instrumentation at each axial location are presented in fig-

ures 1II-7 through III-10.
1., Rig Inlet Conditions

Weight flow was measured with an ASME standard thin plate orifice

located in the inlet duct.
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Six static pressure taps and six temperature probes were located in
the plenum chamber for measurement of inlet total pressure and tempera-

ture,

Six equally spaced static pressure taps were located on both the
inner and outer walls upstream of the inlet guide vanes (Station 0).
From a rig calibration over a wide range of weight flows, a correlation
between these static pressures and weight flow was derived and used to

check subsequent weight flow measurements.
2. Station 1 (Guide Vane Exit/Rotor Inlet)

A sectional view of the flow path at Station 1 showing the circum-
ferential and radial locations of instrumentation is presented in fig-
ure III-7. Rotor inlet air angle measurements were obtained at two
circumferential locations with 20-deg wedge traverse probes. A 20-tube
wake traverse probe, aligned approximately with the average guide vane
exit air angle, was installed to measure the guide vane wake total
pressure distribution. Four static pressure taps were located on both
the inner and outer walls. The wedge probes and static pressure taps
were located approximately along extensions of guide vane midchannel
lines. Total and static pressure data were available from the 20-deg

wedge probe for comparison.
3, Station 2 (Rotor Exit/Stator Inlet)

A sectional view of the flow path showing the circumferential and
radial locations of instrumentation at Station 2 is presented in fig-
ure IIT-8, Two 20-deg wedge traverse probes were used for air angle,
total pressure, and total temperature measurements. Three sets of Kiel
head total pressure probes were located at radial positions corresponding
to 10, 30, 50, and 70% span and two Kiel probes were located at 90% span.
The probes were circumferentially located so that the three probes at
any given radial position averaged approximately the pressures across
a guide vane wake, Four static pressure taps were located on both
the inner and outer walls. An 8-deg wedge traverse probe was used

for radial static pressure measurements.

I1I-5
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4, Station 2A (Stator Exit)

A sectional view of the flow path showing circumferential and radial
locations of instrumentation at Station 2A is presented in figure III-9,
Stator exit air angle was measured with a 20-deg wedge traverse probe.

A 20-tube rake traverse probe was used for measurement of stator vane
wake total pressure distribution. Four static pressure taps were located
on both the inner and outer walls, and an 8-deg wedge traverse probe was
provided for radial static pressure measurement. An internal leak was
discovered in the 20-deg wedge probe used at Station 2A introducing an
error in probe air angle measurements. Measurements from this probe

were therefore not used.
5. Station 3

Station 3 is one chord-length farther from the stator exit plane
than Station 2A, Instrumentation at this station (figure III-10) in-
cluded two 20-deg wedge traverse probes, four sets of Kiel head total
pressure probes at 10, 30, 50, 70, and 90% span locations, four sets
of Kiel head temperature probes at the same five span locations, and
four static pressure taps on both the inner and outer walls. The 20-deg
wedge probes were used for stator exit air angle measurements. Stage
exit total temperature was based on Kiel head probe temperature measure-
ments at Station 3. Data obtained from the other instrumentation at

this station were generally used for comparison with the Station 2A data,
6. Description of Probes

Details of the 20- and 8-deg wedge probes, wake probes, and Kiel
pressure and temperature probes are shown in figure II1I-11., The 20-deg
wedge probe senses air angle, total pressure, and total temperature.
The 8- and 20-deg wedge probes and the Kiel temperature probes were
calibrated for Mach number effect appropriately on probe measurements

of static pressure and total temperature.

The wake probes contained 20 total pressure pickups formed by

0.042-in, OD hypo tubing and spaced as shown in the figure,

III-6
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7. Instrumentation Readout

Traverse probe data (total pressure, static pressure, air angle,
total temperature, and radial travel) were recorded on magnetic tape
at the rate of 60 samples (2.5 in. probe travel) per minute. Steady-
state pressure measurements were obtained using a scannivalve multi-
channel pressure transducer system, which includes automatic data re-
cording on IBM cards. Kiel probe temperatures were indicated on a

precision potentiometer, and manually recorded.

Plenum pressures, two OD static pressures at Station O, primary and
bleed system flow-measuring-orifice pressures, and two Station 3 midspan
Kiel probe pressures were recorded on manometer tubes in the test stand

control room to permit setting the desired flow conditions.
8. Special Instrumentation
a. Rotor Speed

Rotor rpm was measured with an electromagnetic pickup mounted adja-
cent to a 60-tooth gear on the rotor shaft. Gear tooth passing frequency
was displayed as rpm on an Anadex digital readout system, A closed

loop control system maintained rotor speed to within approximately +1%.
b. Stress

Five rotor blades and two stator vanes were instrumented with strain
gages located as shown in figure III-12 to monitor torsional and bend-

ing stresses.
¢. Vibration

Displacement pickups were mounted on forward and rear sections of

the compressor rig outer case to monitor rig vibration.
d. Bleed Flow Rate

The end-wall bleed flow from the rotor and stator rows was measured
by means of standard ASME thin plate orifices located in the bleed

manifold exhaust ducts.

I1I-7



Pratt & Whitney Rircraft
PWA FR-2288

SECTION 1V
PROCEDURES

A. TEST PROCEDURE
1, Wall Bleed Flow Rate Selection
a., Rotor Bleed

With the compressor operating at design speed, the bleed flow rate
was adjusted to ensure that there was no recirculation through the
bleed manifold from Station 2 (rotor exit) to Station 1 (rotor inlet).
This was accomplished by monitoring the static pressure difference
between Station 1 and the bleed manifold and adjusting the bleed valve
until the manifold pressure was less than that of Station 1. The max-
imum bleed flow rate attainable with the bleed system was required to
produce the desired results at choke conditions (lowest Station 1 static
pressure). The valve setting for this flow rate was not changed at

other rotor speed and flow conditions.
b. Stator Bleed

With the rotor OD wall bleed set at the maximum rate the procedure
described above was repeated for the stator by monitoring the static
pressure difference between Station 2 and the stator bleed manifold.

It was also necessary to adjust the stator bleed valve for maximum flow
to ensure no recirculation at choke conditions., This valve setting

was used throughout the program,
2, Stress Survey

Blade stresses were monitored during rig operation at design speed

and during operation into the stall region at all rotor speed conditions.
3. Overall and Blade Element Performance Tests

Overall and blade element performance data were obtained at five
rotor speed conditions (50, 70, 90, 100, and 110% of design speed) and
at approximately six points per speed line to adequately define stator
and stage performance between choke and stall. The near-stall point
was determined on the basis of strain gage output and stage exit total
pressure indicated on manometers. At each speed and flow set point,

the fixed pressure and temperature instrumentation data were recorded
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five times, corresponding to five discrete radial locations of the inlet
guide vane and stator vane wake probes. Traverse data were usually
recorded during the last recording of fixed instrumentation. In this
manner, representative average values of flow and pressures could be
determined for the time period (approximately 45 min) of data recording

at each point,
B. DATA REDUCTION PROCEDURES
1, Preliminary Data Reduction

Data reduction was accomplished in three steps using three computer
programs. The first step involved conversion of raw data to engineering
units. Traverse data (total pressure, static pressure, total temperature,
and air angle), obtained at approximately 0.04-in. increments across the

span, were automatically tabulated and plotted.

These data were reviewed to identify and eliminate any obviously

questionable data prior to the subsequent data reduction step.
The second data reduction step accomplished the following:

1, Mach number corrections to temperature data
2. Mass average of wake probe data

3. Circumferential arithmetic average of fixed and traverse
instrumentation data

4, Correction of all pressure and temperature data to NASA
standard day ambient conditions

5. Selection by interpolation of total pressure, static pressure,
total temperature, and air angle values at specified radial
locations for input to the final data reduction step.

All corrected data were available for further inspection in the
printed results from this computer program, which included individual
data values as well as averaged quantities, The third step in the data
reduction procedure involved calculation of overall and blade element

performance parameters, which are defined in the following paragraphs.
2. Parameter Calculation

The following overall and blade element performance parameters were
calculated for the analysis of test data and the evaluation of slotted

Stator 3 performance. Symbols are defined in Appendix A.
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a. Overall Performance
(1) Weight Flow

Weight flow is presented in terms of corrected weight flow, defined

as
wcorr = uvb/s
where
W = actual weight flow
6 = ratio of total temperature (plenum) to NASA standard

sea level temperature
6 = ratio of total pressure (plenum) to NASA standard
sea level pressure,
Values of corrected weight flow presented in the figures and tables
include rotor and stator bleed flow rates. Percentage bleed flow rates

for the two blade rows are tabulated separately (table B-1),
(2) Pressure Ratio

Pressure ratios were calculated for the rotor, guide-vane-rotor and
guide-vane-rotor-stator blade row combinations. Behind the rotor, fixed
Kiel head and traverse probe total pressure data were arithmetically
averaged at each span locatioh and the profile thus determined was

mass-flow averaged across the span.

Behind the guide vane and stator the wake probe pressures were first
mass~flow integrated at each span location, and the resulting average

pressures were then mass-flow averaged in the radial direction.

(3) Adiabatic Efficiency

Adiabatic efficiency across the rotor is defined as

Y-1
= R4
)
T -1
nad = 1-
-1
1
where:
Fl = mass averaged pressure behind the guide vane
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T, = S518.7°R
§2 = mass averaged pressure behind the rotor
T3 = mass averaged temperature behind the stator.

To obtain adiabatic efficiencies for the guide vane-rotor combination or

for the entire stage, appropriate average pressures were used,
b. Blade Element Performance
(1) Diffusion Factor

Diffusion factor for the rotor is defined as

1
v AV ,
1 -2
? + 6 ( )

D = 1 -

1
2
V1 UVl

Diffusion factor for the stator is defined as

Doyt e - m)
V2 ZO'V2

(2) Deviation

Rotor blade deviation is defined as

Stator deviation is defined as

O —
§ ga = B3 " Ky
1]

where KZ and KZA are the rotor blade and stator vane trailing edge metal
angles based on equivalent circular arc camber lines for the 65-series

airfoil.
(3) Incidence Angle
Rotor incidence angle is defined as

1 1

in = B - %

Stator incidence angle is defined as

o = By - K
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where Kl and K2 are the rotor blade and stator vane leading edge metal
angles based on the equivalent circular arc camber lines for the 65-series

airfoil.
(4) Total Pressure Loss Coefficient
Total pressure loss coefficient for the rotor is defined as

B B - P
“a-2 T3

where (-) refers to mass-averaged wake total pressure.

For the inlet guide vanes, total pressure loss coefficient is defined
as
14.69 - P
@ R
(0 - 1) d,

where q, is obtained from isentropic flow relationships using orifice

weight flow and the annular area at the guide vane inlet.

Total pressure loss coefficient for the stator is defined as

- Py - Poa

@ =
(2 - 24) P2 - P,

(5) Loss Parameter

Stator total pressure loss is also presented in terms of the loss

parameter,

w(z - 24) cos 33
20
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SECTION V
RESULTS AND DISCUSSION
Performance of slotted Stator 3 was evaluated on the basis of stage
pressure rise and efficiency characteristics as functions of rotative
speed and weight flow, as well as of blade element diffusion factor,
deviation, and loss coefficient as functions of incidence angle, and of

loss parameter as a function of D-factor.

Slotted Stator 3 performance results are compared (1) with predicted
unslotted Stator 3 performance and (2) with available NASA rotating
cascade performance results., Overall and blade element performance
parameter values, bleed flow rates, and blade element vector diagram

data for the guide vane, rotor, and stator are tabulated in Appendix B.
A, OVERALL PERFORMANCE

Overall performance for the slotted Stator 3 test configuration is
presented in terms of efficiency and pressure ratio versus corrected
weight flow, WVB /8§, and corrected specific weight flow, WVE /8A, in
figures V-1, V-2, and V-3, respectively, for the flow generation rotor,
guide vane-rotor and guide vane-rotor-Stator 3 combinations. Each
figure contains the performance results obtained at the five test rotor
speed conditions. Overall performance and percent bleed flows are

tabulated in table B-1,

The pressure rise and efficiency of the flow generation rotor (fig-
ure V-1) at design equivalent rotor speed and flow conditions are high
compared to the predicted values. The rotor incidence was higher than
predicted for design conditions, and rotor deviation angle was lower
than predicted. These factors combined to increase the work and flow
of the stage. Since the temperature rise of the stage is small (about
30 deg) it is expected that the efficiency data for the rotor will show
considerable scatter; this source of error becomes significant as stage
pressure and temperature rise decrease, Additional discussion of flow
generation rotor performance is presented in Reference 6. Figures V-2
and V-3 indicate a large reduction of stage performance due to Stator 3
losses. The influence of high stator losses on a low-work stage
(P2/Pl = 1.1 -~ 1,2) is expected to be greater than the influence of

stator loss on a stage having a higher work input (PZ/P1 = 1.3 - 1.4).
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Therefore, the low value of stage efficiency for these tests is not

significant.

A comparison of the measured airflow with the airflow calculated
from traverse and fixed probe data is presented in figure V-4, The
data relating to rotor discharge flow are within the allowable 5% band.
Downstream of the stator, a bias toward high integrated weight flows
is noticeable and many of the data points fall outside the 5% band. A
detailed examination of the data and reduction procedure has shown that
this bias is attributable to the numerical integration used in the
calculation. As a part of this integration, the mass-averaged total
pressure calculated from the stator wake data is used to generate a
radial flow distribution, which is then integrated to determine the
total flow. The employment of the mass-averaged total pressure in this
calculation leads to erroneously high flows since no accounting is made
of the displacement thicknesses of the wakes. The magnitude of this
flow difference is dependent upon the size of the wake and thus varies
with spanwise location and the configuration of the stator and the
stator incidence and Mach number. A numerical example is used as an
illustration. A data point from figure V-4 was selected for which a
large (10%) difference between integrated and orifice-measured flow was
noted. The wake rake data were used to calculate the circumferential
and radial distribution of flow without recourse to the use of average
quantities. A double integration (area) was then performed to deter-
mine the flow. Thus computed, the flow was 84.5 1lb/sec, compared with
82,7 lb/sec based on the measured orifice flow with deductions for the
wall bleed. This difference, 2.1%,is in keeping with the acceptable

deviation.

The mass-averaged pressure ratio was subsequently recomputed for
this point to observe the extent to which pressure ratio is also affect-
ed by the employment of the mass-averaged total pressure of each radial
location behind the stator. The recomputed value of 1,118 was well
within the plotting accuracy of the value of 1.116 originally computed.
Since the calculation of mass-average pressure ratio utilizes the flow
computed from the mass-average total pressure at the various diameters
in both the numerator and denominator of the weighting fraction, IWP/ZW ,
it is to be expected that the effect on pressure ratio would be small,
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B. BLADE ELEMENT PERFORMANCE
1, Stator Inlet Conditions

The stator inlet air angle and Mach number distributions for design
equivalent rotor speed are presented in figure V-5, The stator was
operating within 1 to 2 deg of the indicated design air angle distribu-
tion at weight flows of 90.04 and 84.71 lb/sec (near choke flow condi-
tions for the stage). The stator-inlet Mach number at design incidence
operation was therefore slightly higher than the design inlet Mach
number, Flow generation rotor overturning of about 3 deg accounts for
the difference between the design weight flow of 80 lb/sec and the
weight flow for which stator design incidence was achieved. As a conse-
quence, the stator was subjected to incidence angles in the stall direc-
tion from the minimum loss incidence angle over the stator operating

range.
2. Stator Loss Coefficient, Deviation, D-Factor

Slotted Stator 3 loss coefficient, deviation angle, and D-factor at
design rotor speed are presented as functions of incidence angle in
figures V-6 through V-10, Each figure corresponds to one span location.
In general, the losses are extremely large relative to two-dimensional
flow losses at all span locations. The large deviation angles at 10,
30, 70, and 90% span and the high loss coefficient values indicate a
significant amount of flow separation. The diffusion factor values are

correspondingly low relative to the predicted values.

Blade element parameters for all speed lines are combined in fig-
ures V-11 through V-15., The deviation and D-factor data form well-
defined curves with incidence at each of the five span locations.
Deviation values may be biased slightly low since measurements of stator
exit flow angle were obtained at Station 3, approximately 1% chord
lengths downstream of the stator blade row. The loss coefficient data
scatter is attributed to the inherent inaccuracy of pressure measurements

in a separated (nonsteady) flow field.
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3. Loss Parameter

Loss parameter, GE - gp ©©S ﬂ3/20, is presented as a function of
D-factor for the blade element data obtained at 90, 100 and 1107% design
rotor speeds in figures V-16a through V-16c., The NASA correlation curve
for NASA 65-series annular cascade minimum loss (reference incidence)

data reproduced from Reference 8 is shown for comparison. The slotted
Stator 3 data are separated according to 90 and 10% span, 70 and 30% span,
and 50% span. Darkened symbols refer to minimum loss points. The

measured loss parameter values are considerably higher than the NASA

correlation curve values.
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SECTION VI
CONCLUDING DISCUSSION

Blade element data at five radial locations and overall performance
data were obtained for a single stage comprising slotted Stator 3, a
flow generation rotor, and inlet guide vanes. Slotted Stator 3 had a
design D-factor of 0.704 at a radial location 90% of span from the tip
and a constant equivalent camber angle of 58.3 deg. The stator operated
close to its design incidence angle at maximum flow conditions. The
loss and deviation angle values were high relative to predicted values
at all span locations. Diffusion factor values were correspondingly
lower than the predicted values. From these results, it is concluded
that flow separation from the suction surface of the stator vanes
occurred further upstream than predicted (Reference 1). This may have
placed the separation point in close proximity to the slot; this condi-
tion was found to be undesirable in the preliminary annular cascade
studies (Reference 2)., It may be necessary to incorporate additional
slots closer to the leading edge of highly cambered (60 deg) airfoil

sections.
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SECTION VII1
ILLUSTRATIONS

This section contains the illustrations that have been referenced

in the preceding sections.
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Pressure Surface Suction Surface

Figure III-6, Typical Slotted Stator 3 Vane FD 22751
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TOP

54°

284 .5° 75.5°
356.5°
65°

240°

255.5°

225°

©® Wall Static Pressure
A Traverse Wedge Probe, 20°
& Traverse Wake Probe

Probe angular position is measured clockwise from the top.

Figure III-7. Instrumentation, Station 1, FD 18596C
View Looking Downstream

VII-8



Pratt & Whitney Rircraft
PWA FR-2288

Kiel Probe *

Wall Static Pressure
Traverse Wedge Probe, 20°
Traverse Wedge Probe, 8°

BPDOO

*Radial location as a percent of span from tip is denoted by the
number within the symbol

Figure III-8. Instrumentation, Station 2, FD 18595F
View Looking Downstream
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3169°1 g 10
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105°

223.1°

© Wall Static Pressure
A Traverse Wedge Probe, 20°

A Traverse Wedge Probe, 8°
<& Traverse Wake Probe

Probe angular position is measured clockwise from the top.

Figure III1-9, Instrumentation, Station 24, FD 18594C
View Looking Downstream
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© Wall Static

O Traverse Wedge Probe, 20°
A Traverse Wedge Probe, 8°
O Kiel Probe =*

O Temperature *

*Radial location as a percent of span from tip is denoted by the
number within the symbol

Figure I11-10. Instrumentation, Station 3, FD 18597C
View Looking Downstream
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APPENDIX A
DEFINITION OF SYMBOLS
GENERAL NOMENCLATURE
AA Flow path annular area, in?
Chord length, in.
D Diffusion factor
im Incidence angle based on an equivalent
circular arc, deg
M Absolute Mach number
0 Minimum blade passage gap, in.
O Critical blade passage gap, in.
P Total pressure, psia
P Static pressure, psia
q Pressure equivalent of the velocity
head, psia
R Reynolds number based on chord length

Blade spacing, in.

w

Blade span, in.

Total temperature, °R

Blade maximum thickness, in.
Rotor speed, ft/sec

Absolute velocity, ft/sec
Actual flow rate, lbm/sec
Absolute air angle, deg
Ratio of specific heats

Blade-chord angle, deg

o X R <9 a3

Ratio of total pressure to NASA standard
sea level pressure of 2116 psf

(=23
@]

Deviation angle, deg

n 4 Adiabatic efficiency
a

] Ratio of total temperature to NASA
standard sea level temperature of
518.7°R

K Blade metal angle, deg
o) Density, 1bm/ft3

a Solidity, c¢/S

A-1



€

Subscripts:

Superscripts:

SLOT NOMENCLATURE

A,

BLADE ELEMENT TABULATION

PCT SPAN
DIA
BETA
BETA(PR)
'

Pratt & Whitney Rircraft
PWA FR-2288

Blade camber angle, K1 - KZ’ deg

Total pressure loss coefficient

Guide vane inlet

Rotor inlet

Rotor exit

Stator exit

Downstream of stator exit
Axial component

Tangential component

Related to rotor blade

Mass average value

. 2
Slot throat area, in.

Coanda radius, in.

Pressure surface edge radius, in.
Slot leading edge radius, in.
Slot trailing edge radius, in.

Blade thickness at intersection of slot
centerline and mean camber line, in,

Slot capture dimension, in.
Slot throat dimension, in.

Angle formed by slot centerline and
mean camber line, deg

NOMENCLATURE FOR TABLE B-2

Percent span

Diameter, inches

Absolute air angle, degrees
Relative air angle, degrees

Absolute velocity, ft/sec

A-2



Vi
V-THETA

V(PR)
V-THETA PR

U

M

M(PR)
TURN
TURN(PR)
UUBAR
DFAC
EFFP
EFF
INCID
DEV

LOSS PARA

Pratt & Whitney Rircraft
PWA FR-2288

Axial component of velocity, ft/sec

Tangential component of absolute
velocity, ft/sec

Relative velocity, ft/sec

Tangential component of relative
velocity, ft/sec

Wheel speed, ft/sec
Absolute Mach number
Relative Mach number
Air turning, degrees
Relative air turning, degrees
Loss coefficient
Diffusion factor
Polytropic efficiency
Adiabatic efficiency
Incidence, degrees
Deviation, degrees

Loss parameter
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APPENDIX B
TABULATED PERFORMANCE

The overall performance and percent rotor and stator bleed flow rates
for each test point are presented in table B-1,

Table B-2 presents blade element data for each test point. Defini-
tions of the blade element parameters as tabulated in the computer

printouts are presented in Appendix A,
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